Continued scientific research is crucial for developing new biomedical products, such as tissue engineering scaffolds, that are difficult to optimize due to the complexity of interfacing mechanical and biological systems. In this paper, mechanical and biological perspectives are used to propose and implement an approach for designing hierarchical scaffolds that provide structural support in the body as tissue regenerates. Three sequential steps are proposed for defining design needs, generating design alternatives, and fabricating design prototypes. Design needs are determined by considering mechanical and biological performance requirements, experimental procedures, and fabrication constraints. The primary mechanical requirement is a scaffold's need to maintain structural integrity, while biologically the scaffold should promote cellular growth. Scaffold design alternatives of four topology types are generated by altering design parameters that describe a scaffold's structure. Trade-offs are revealed for scaffold porosity and surface area properties that are known to influence mechanical and biological scaffold performance. Scaffolds of each topology type are designed with 80% porosity and fabricated, which enables their potential use in scientific experiments to measure how property trade-offs influence scaffold performance. On the basis of currently available knowledge, a to-scale spinal scaffold implant is designed and fabricated with a graphically maximized surface area to porosity ratio for a hierarchical scaffold, which represents a potentially high performing design from both mechanical and biological perspectives. These results demonstrate the importance of multidisciplinary approaches for designing complex biomedical tissue scaffolds that could significantly improve healthcare through the development of new clinical products.
INTRODUCTION
The translation of scientific findings into engineered designs is challenging, and is a major barrier for developing mechanical products that interface with biological systems [1, 2] . These barriers stem from the inherent complexity of biological systems [3] [4] [5] [6] , which makes them difficult for engineers to understand and model throughout the design process. Overcoming these barriers can open new doors for healthcare technologies that interface with the human body, with applications including improved drug delivery [7] , medical diagnostics [8] , and tissue engineering [9] .
Unfortunately, a large number of designed products never reach the market due to failing clinical trial stages required for product approval [10] [11] [12] . These trials are typically the first time a product is tested in its intended environment of final use, which is typically more complex than experimental tests and computational models consider. These failings reflect a disconnect in how a product is anticipated to perform to how it actually performs. Such disconnects are attributable, in part, to a lack of multidisciplinary design approaches that characterize salient mechanical and biological phenomenon that influence a product's performance. Testing, modeling, and optimizing a product from mechanical and biological perspectives in isolation is not sufficient, since many biological systems behave differently when depending on their mechanical interactions with other systems and their environment [13, 14] . In this paper, we address a subset of these challenges with a design approach that considers mechanical and biological perspectives for improved research and development of tissue engineering scaffolds.
Tissue engineering scaffolds are structures implanted in the human body that provide mechanical support as new tissue grows [9] . Scaffolds can form the basis of clinical products, such as the implantation of a scaffold between two spinal vertebrae to support bone growth after an intervertebral disc is surgically removed [15, 16] . From a mechanical perspective, the implanted scaffold must structurally bear load previously supported by an intervertebral disc. From a biological perspective, the scaffold should facilitate bone growth that successfully fuses the two surrounding vertebrae. Mechanical and biological perspectives are coupled when considering the need for the biocompatiable scaffolds that degrade over time, which causes a decrease in a scaffold's strength that must be supplemented by the growing tissue [17] .
Additionally, the distribution of mechanical loads throughout a scaffold can influence the structural properties of formed bone tissue [18, 19] .
The coupling of mechanical and biological scaffold requirements motivates the need for design approaches that combine both perspectives to address all performance needs. The approach should be iterative in nature, since continued scientific experiments and simulations throughout research and development are required to ensure a high performance product is designed prior to clinical testing. These considerations have informed our tissue engineering scaffold design approach, which begins with the understanding of a design opportunity from mechanical and biological perspectives followed by phases of defining experimental needs, generating design alternatives, and fabricating design prototypes (Fig. 1) . Figure 1 illustrates the design of a bone scaffold, which first requires an identified design opportunity, which in the context of this paper is the development of a spinal scaffold implant. After identifying the opportunity, the first sequential phase is the defining of scaffold design needs, which should include mechanical and biological performance requirements, experimental testing needs, and fabrication constraints; design needs are illustrated in Figure 1 with a scaffold placed in a test tube for measuring tissue growth over time [20] [21] [22] [23] . The second phase is the generation of scaffold design alternatives [24] [25] [26] ; a hierarchical truss-based scaffold is illustrated in Figure 1 as a potential design choice. The final phase is the fabrication of design prototypes [27] [28] [29] [30] [31] , demonstrated by a 3D printed scaffold prototype in Figure 1 . 3D printing is particularly advantageous because it enables fast prototyping of scaffold designs and the tailoring of complex structures with potentially advantageous performance when compared to traditionally manufactured structures [32] .
Outcomes of experiments with prototypes can provide scientific insights to improve scaffold designs on subsequent iterations, or currently available information may be utilized to configure a final designed product.
This paper aims to demonstrate the merits of including both mechanical and biological perspectives in a tissue scaffold design process, and investigates key trade-offs in scaffold properties that influence design performance. Processes illustrated in Figure 1 are implemented beginning with the characterization of the spinal implant scaffold design opportunity and ending with the fabrication of a final product prototype. The approach marks a significant contribution in developing a design methodology for tissue engineering scaffolds, by enabling directed research and development that improves on the "trial-and-error" [33] design approaches typically used in tissue engineering endeavors. The primary contribution of our approach is the application of mechanical engineering design approaches to improve the current limitations in tissue engineering scaffold design.
BACKGROUND 2.1 Scaffold experiments
Although there are a broad range of scaffold properties that influence cellular growth, scaffold porosity, surface area, and pore size are typical metrics experimentally linked with scaffold performance [34] . Porosity is considered the proportion of void space within a scaffold compared to its overall volume, which provides space for cells to grow three dimensionally and for vasculature to develop for nutrition transport. Porosity of scaffolds typically range from 50-85% [20] , with a key trade-off being a reduction in mechanical strength as material is removed to increase porosity. A high scaffold surface area increases the amount of space for initial cell attachment to a scaffold. Pores throughout a scaffold enable places for cells to aggregate into tissues, with typical pore sizes ranging from 200μm to 1,000μm.
Scaffold design
Scaffold structures are often developed through computational processes, and one of the earliest computational approaches developed a library of tissue engineering scaffolds using unit cells with discrete elements [35, 36] . The library, termed CASTS (computer-aided system for tissue scaffolds), is capable of generating manufacturable structures [26] , but is limited with regards to assessing the potential performance of designs. Additionally, every new type of unit cell may require a complicated set of geometric relationships to determine relevant structural properties, which can limit its effectiveness in generating novel designs. The library was also based on the principle of producing repeatable lattices with a single unit cell, rather than hierarchical approaches that utilize recursive generation approaches [37, 38] . A single unit cell approach is restrictive for configuring designs since it implies a level of scale and homogeneity that may not be desirable.
More recent endeavors have linked computational generation of lattices to their evaluation, which typically requires resource intensive approaches using finite element methods [39] , mechanobiological models [13, 40] , or agent-based simulations [41, 42] . The evaluation of scaffolds on the basis of simulating their mechanics or cellular growth enables design comparisons, but also requires experimental testing to validate simulation predictions that require extensive amounts of time to conduct. Therefore, initial design explorations may benefit from first evaluating scaffolds on the basis of their structural properties, such as porosity or surface area, to determine potentially high performing candidate scaffolds before following up with more resource expensive simulations and experiments.
Scaffold fabrication
There is a broad range of fabrication approaches for scaffolds, with hierarchical scaffolds typically produced using stochastic processes methods that result in a distribution of pores throughout a foam structure [34, 43] . The stochastic nature of these designs limits their mechanical performance for unidirectional loading, which is relevant to spinal implant scaffolds where load is primarily experienced axially along the spine. 3D printing fabrication methods offer an alternative for constructing scaffolds with tailored structures [27, 44] , but are limited by achievable resolutions and material selection. Additionally, many extrusion based 3D printing approaches are incapable of printing elements with vertical directionality, which is required for constructing some truss-based lattices. Among nonextrusion based 3D printing approaches, stereolithography is particularly suitable for truss-based structures with high resolutions [37, 38] . Recent research [29] has demonstrated its suitability for bone tissue engineering scaffolds.
Tissue engineering scaffolds are produced with a broad range of materials, with a primary requirement being biocompatibility [45] . Some common materials include hydroxyapatite [46] , titanium [47] , tri-calcium phosphate [44] , and poly-lactic acid [29] . Many biocompatible materials are not suitable for 3D printing, but it is possible to fabricate a 3D printed mold that is later filled with a suitable material.
Mold approaches are particularly useful in stereolithography [48, 49] , because there are few biocompatible stereolithography resins available [50] . Material selection also depends on a number of application specific features beyond biocompatibility, such as desired strength, which suggests the feasibility of a material independent approach for initially designing scaffolds that are tuned during material selection.
UNDERSTANDING THE DESIGN OPPORTUNITY 3.1 Spinal implant system complexity
An effective design process for preparing a product for clinical trials must consider the salient mechanical and biological aspects of the product's end application. The overall design should promote efficient testing in early research and development phases so that information gains may be used to appropriately improve the design prior to clinical trials. Experiments and simulations should accurately indicate how a scaffold will perform once implanted, which is difficult due to the complexity of the human body, therefore testing must concentrate on aspects of the environment that have the greatest influence on scaffold performance. One feasible approach for economically testing and designing a scaffold system is to configure a scaffold with a globally designed structure that is decomposed into smaller representative prototypes for experiments ( The schematic in Figure 2 illustrates an experiment that uses a mechanical loading device to cyclically apply force to a design prototype placed in a test tube of cell culture, which provides an environment for measuring the formation of tissues throughout the scaffold over time. It is possible to alter the cycling and loading magnitude to emulate loads that a scaffold is expected to experience in the spine. In the spine, the entire tissue scaffold product is placed between two vertebrae as a temporary structural replacement for a removed intervertebral disc and is subject primarily to compression loads along the spinal axis, while also experiencing loads due to bending and twisting of the spine. Hardware with bolts and screws are inserted in adjacent vertebrae to aid in load bearing, thus the loads experienced by a scaffold product are difficult to predict since they are influenced by a patient's physiology, activity, and implanted hardware [51, 52] . These complexities motivate the need for engineering design approaches that methodologically configure designs, rather than trialand-error approaches that have low efficiency in searching design spaces effectively. They also require the need for economical prototype approaches for extensive testing of different loading conditions experienced by the scaffold that are representative of potential design scenarios, which could be facilitated through a modular scaffold design.
Hierarchical scaffold design
There are a number of strategies for developing modular scaffold designs; a particularly timely opportunity is the development of discrete hierarchical structures with beneficial strength-to-density ratios enabled by 3D printing [37, 38] .
Theoretically, when hierarchical structures have compression-dominated behavior, they should mechanically outperform foams that are commonly used for tissue engineering scaffolds [53] , especially when considering the unidirectional loading often present in the spine. Additionally, hierarchical scaffolds enable the tuning of pore distributions that promote biological growth [46, 47, 54] , and mimic bone's natural hierarchical structure [43] . A challenge in designing hierarchical scaffolds emerges from the vast number of design decisions required in configuring a multi-level structure (Fig. 3 ).
Figure 3: Organizational levels of hierarchical scaffold design
The multi-level organization in Figure 2 illustrates four design levels, with the lowest level consisting of a single local element configured with decisions concerning its cross-sectional shape (octagonal in Fig. 2 ) and material properties. Local elements are configured into a 1 st order unit cell structure at Level 1, with decisions concerning how many elements make up a unit cell and how they are connected (cubic in Fig. 2) . A 2 nd order unit cell at Level 2 consists of 1 st order unit cells to create a larger unit cell (hierarchical in Fig. 2 , such that the 2 nd order unit cell has the same cubic organization as the 1 st order unit cell). At Level 3, the global structure is configured by arranging 2 nd order unit cells to form a rectangular shape that may facilitate placement in localized areas of the body, such as the spine. Optimization of the multi-level organization requires design decisions that influence parameter relationships within and across levels. For instance, changing the length of local elements will influence the size of 1 st order unit cells, and therefore the number of 1 st order unit cells required to create a scaffold of a targeted size. Since each repeating 1 st order unit cell represents a single pore in the scaffold, the changing of an element's length may influence both the biological growth of tissues in addition to the mechanical strength of the scaffold. Such inter-level coupling can often lead to non-obvious relationships and difficult to traverse design spaces, thus motivating the need for engineering approaches to optimize designs and scientific experiments to test their performance.
DEFINING DESIGN NEEDS 4.1 Mechanical and biological performance needs
Once the design opportunity is characterized, it is necessary to identify key product needs to ensure research and development promotes the improvement of product performance. These requirements should be linked directly to design decisions for altering the scaffold. Needs are separated into three categories: Mechanical, Biological, and Coupled.
Mechanically, a scaffold should provide support that maintains the structural integrity of the spine that was previously fulfilled by the intervertebral disc removed during surgery. These loads primarily consist of compression loads and bending which requires the scaffold to have design parameters that enable the tuning of mechanical strength. In the context of the Figure 3 hierarchical lattice system, it may be possible to gain better mechanical responses altering a structure's topology, unit cell size, or the element cross-sectional area.
Biologically, a scaffold should support the growth of new tissue. There are conflicting requirements for promoting tissue growth since small pore sizes throughout a scaffold promote high surface area and therefore faster growth rates, while large pores are necessary for blood vessels to form that transport nutrients effectively. Biological requirements are often met through hierarchically configuring lattices to ensure there is a variety of different pore sizes throughout the scaffold. One strategy for promoting nutritional transport throughout a scaffold is the introduction of a large void space, since otherwise cells tend to only grow towards the outside of a scaffold [55] , such a void naturally emerges when structures are hierarchically generated.
Tuning a design for mechanical and biological couplings is a complicated process, since it requires considering the design of the structure itself and its interactions with its environment. For instance, the distribution of loads throughout a structure will influence cell growth rates, but this is also dependent on an individual's physiology and motions. Coupled needs are generally difficult to model accurately and require extensive lab testing to compare predicted effects with actual product performance. In our approach, design decisions are not explicitly formulated for coupled phenomenon, but rather met through tuning a design that is identified as already performing well for primary mechanical and biological requirements. The modular structural approach provided by a hierarchical design scheme promotes efficient testing that is required for tuning a design by measuring coupling effects experimentally and altering the design appropriately.
Experimental requirements
Experimental requirements are determined prior to configuring scaffolds to ensure designs are generated that enable meaningful evaluation of how scaffolds perform relative to one another. Because there are a large number of design decisions in the complex multi-level design space (Fig. 3) , experimental variations are restricted to a few decisions that promote controlled comparisons when scaffolds are altered one variable at a time. Such simplicity enables meaningful comparisons from a control of variables approach [56] , which aids in human understanding of the scientific results that can translate to informed design decisions. In order to retain economy for costly wetlab experiments, one 2 nd order unit cell is considered as a single experimental sample, since it represents the largest repeating unit that makes up a global product, while retaining all lower levels of organization.
In configuring hierarchical scaffolds, there are qualitative decisions concerning how elements are organized, such as 1 st and 2 nd order unit cell connectivity, and quantitative decisions for parameterizing aspects of the design, such as local element diameter and length. Experiments are developed to first concentrate on evaluating scaffolds on the basis of qualitative decisions; scaffolds are then tuned quantitatively, since quantitative tuning is typically better facilitated by computational design approaches. Four scaffold topology types are introduced by altering 1 st and 2 nd order unit cell connectivity; one topology type is identified as a control and experimental manipulations are made to generate scaffold alternatives compared to the control (Fig. 4) .
The four topology types in Figure 4 are generated through permutations of two 1 st order unit cells and two 2 nd order unit cell connectivities, with one control and one experimental organization introduced at each level. The 1 st order unit cells consist of a beam unit cell of 12 elements with six faces and a truss unit cell that is identical to the beam unit cell, but adds a diagonal element on each face. The truss unit cell is introduced since it potentially has better mechanical properties when compared to repeating beam unit cells that resemble scaffold structures fabricated with extrusion processes.
The 2 nd order unit cells consist of either patterning 1 st order unit cells continuously, which is considered the control condition, or hierarchically, which is considered the experimental condition. Hierarchy is achieved by replicating the connectivity of the 1 st order unit cell as a 2 nd order unit cell, which may potentially have better characteristics for promoting cell growth through introducing a large pore that facilitates vascularization [55] . Figure 4 . The continuous beam is the only topology type with control conditions at both levels of organization, which enables controlled comparisons for determining how experimental manipulations of both 1 st and 2 nd order unit cell connectivities influence design performance. The continuous beam control condition is also well-suited for comparisons with existing tissue engineering studies, since it represents a commonly studied scaffold configuration achieved by extrusion processes [24] . Based on findings in the literature for investigating similar lattice designs, we hypothesize that beam-based scaffolds would have higher stiffness in compression, while truss-based scaffolds would have higher stiffness for shearing and bending [57] .
Fabrication constraints
Empirical tests are necessary to determine fabrication constraints that ensure only potentially manufacturable designs are explored during design generation.
Stereolithography is utilized as a manufacturing process, due to its capabilities for fabricating scaffolds with hierarchical features relevant for bone tissue engineering [29, 50] . Empirical testing is conducted by printing multiple iterations of a scaffold sample and reducing its overall size each iteration, until a minimum printable size that accurately recreates the structure is reached.
Scaffolds are fabricated using a Kudo3D Titan stereolithography printer, a digital light processing ViewSonic PJD782HD projector, and 3D-materials 3DM-cast resin. The 3DM-cast photopolymer resin is selected based on its capabilities to form high-resolution samples when printed with a layer thickness of 37 µm, which is the smallest thickness achievable with a standard Kudo3D setup. The projector emits a 1080p binary image across an area of 28cm 2 for curing each layer. Exposure time for each layer is varied as a sample is printed, and begins at 40s to ensure an initial base layer of the structure cures to a build platform that is raised and lowered into a resin vat. The exposure time reduces to 20s for the next 8 layers, 4s for support layers, and ~1s for each layer of the scaffold structure. These parameters are given by the manufacturer and the smallest successfully printed scaffold is presented in Figure 5 .
The Figure 5 structure has element diameters on the order of 150-250µm, which is suitable for fabricating samples with pores sizes relevant to bone tissue engineering that range from 200 to 1,000µm (Section 2.1). Attempts in producing smaller scaled structures resulted in successful fabrication of the lowest level of horizontal elements with no connecting vertical elements. Results suggest a difference in how horizontal and vertical elements are formed and connected with this specific fabrication process, which is why a range of element diameters are present in Figure 5 . Findings show that the minimum element size for consistent fabrication is near 200μm, which is utilized as a basis for generating manufacturable designs through computational processes. Four dimensions 1 , 2 , 3 , and 4 are indicated in Figure 6 that represent lengths for calculating scaffold properties in addition to the 45° angle of diagonal elements relative to straight elements. In Figure  6 , three different levels of shading in the 1 st order unit cell indicate the material volume attributed to scaffold nodes (shaded darkest), straight elements, and diagonal elements (shaded light) that are used in subsequent volume calculations. Scaffolds have symmetry with the number of uniaxial 1 st order unit cells applying for , , and directions. All scaffolds with hierarchical patterning consist of two layers of 1 st order unit cells that make up their outside borders, as illustrated in Figure 6 , and all local elements are assumed to have circular cross-sections. Four nodes at element intersections are indicated with white circles in Figure 6 . Each node is spaced one unit cell length apart on a given axis, with a cubic patterning three dimensionally. The dimensions 1 = − ø, 2 = ∅ √2 , 3 = 1 − 2 , and 4 = √2 3 are calculated through considering geometric relationships among elements with width ø that make up a unit cell.
Design parameters are used to calculate structural properties of scaffolds including pore size, porosity, and surface area, which were identified in Section 2.1 as key structural properties that are linked to scaffold performance. The pore size is calculated as the diameter of the largest sphere inscribed in a unit cell [26] such that = − ø.
(
The porosity is determined by comparing the volume of material in a scaffold to the overall volume occupied by a scaffold , and subtracting the ratio from unity to determine
The overall volume of a scaffold is calculated from cubing the length of a scaffold by considering its number and length of unit cells and the additional length of one element diameter based on the fabrication process, according to
The volume of material is calculated by counting all nodes in a scaffold , the number of straight elements , and the number of diagonal elements ; beam topology types always have a value of zero for . Volume is calculated through summing the volume of all nodes, the volume of all straight elements that does include volume accounted for by nodal contributions, and the volume of all diagonal elements that does not include volume accounted for nodal or straight element contributions such that
where the
) term is included to approximate the volume of diagonal elements for the length they extend beyond 3 before intersecting with straight members. Surface area requires separate calculations depending on the 1 st order unit cell type, because surfaces of straight elements are partially covered when diagonal elements are present. To simplify mathematical calculations, nodal contributions to surface area are assumed negligible and all exposed element surfaces are weighted equally. Approximation for the surface area of scaffolds with beam unit cells is
while the surface area of scaffolds with truss unit cells is
Calculated scaffold properties of pore size (Equation 1), porosity (Equations 2, 3, and 4), and surface area (Equations 5 and 6) provide a quantitative basis for assessing design alternatives, which enables design exploration through parametrically generating design alternatives.
Parametric design generation
Design generation is initiated by holding two design parameters constant, while independently varying the remaining design parameter, which provides a basis for understanding trade-offs introduced by changing one parameter at a time. The element diameter is chosen initially as the independent design parameter to vary, since it is the only variable that does not significantly alter the volume of the scaffold when varied independently. It is necessary to consider controlling the volume of a scaffold since surface area for a given repeating structure is proportional to the volume of the structure, and because experimental testing is more economical with sample sizes of about 1-2cm.
The element diameter ø of all scaffold topology types from Figure 4 is swept from 100µm to 1,200µm while maintaining = 1 and = 9 and plotting porosity and surface area as dependent variables (Fig. 7) . Truss lattices are only plotted until about 700 in Figure 7 because larger element diameters result in invalid designs once 4 becomes less than or equal to zero because local elements are so large that pores become inaccessible; beam scaffold designs become invalid for similar reasons once 1 is less than or equal to zero.
For all topology types, scaffold porosity is inversely proportional to the element diameter (Fig. 7A) . Scaffolds with hierarchical organization have greater porosity than scaffolds with continuous topology types, since they have a large central pore. Scaffolds with beam unit cells have greater porosity than those with truss unit cells, since they have fewer elements.
As element diameter increases, all topology types first increase in surface area to a maximum value before decreasing (Fig. 7B) . The decrease occurs because 1 st order unit cells have greater overlap among elements as their diameters increase. Truss topology types reach a maximum surface area around 400µm while beam topology types reach a maximum surface area around 700µm. When considering comparisons across Figures 7A and 7B, topology types with greater porosity tend to have lower surface areas. These are conflicting requirements, since tissues need both empty space and surface area for efficient nutrient transport and growth. These considerations motivate the need for design approaches for finding optimized trade-offs for porosity and surface area.
Comparisons in porosity and surface area are limited in the context of Figure 7 , because pore size is not constant as a function of element diameter (Equation 1), which suggests the need for better controlled comparisons concerning scaffold properties. The controlled comparison enables scaffolds with fewer conflating property variations, since it is not possible to hold all properties constant to compare the influence of only topology type changes across designs. It is important to control for properties such as pore size across scaffolds since it is expected to have a large influence on how fast cells grow, therefore obscuring the effects that variations in other design properties have on scaffold performance.
Generation of designs with constrained properties
To investigate how scaffold properties relate to one another, properties are held constant as a function of one design parameter used as an independent parameter, while other design parameters are manipulated to ensure the property is held constant, which makes these manipulated design parameters become dependent variables. Such comparisons are important for comparing scaffolds of different topology types, since for a given set of design inputs each topology type will have different structural properties of porosity and surface area, although pore size is maintained for all scaffold types with the same element diameter (Equation 1).
When using element diameter as an independent variable, a constant pore size is achieved by modifying equation 1 to solve for unit cell length , as = + ø, and ensures the pore size remains relevant to bone tissue engineering applications that is on the order of 200 to 1,000µm (Section 2.1). However, this modification will also change overall scaffold dimensions as unit cell length increases, therefore a scaffold volume constraint is necessary for making meaningful comparisons of surface area across topology types. By assuming a maximum allowable scaffold length , a maximum number of unit cells that does not result in a scaffold of greater length than is found by ensuring ≤ −ø . Scaffolds are generated with these constraints for each topology type by sweeping element diameter ø from 100µm to 1,000µm while adjusting for a constant pore size of 1,000µm and for a maximum scaffold length of 1.5cm. Porosity and surface area are plotted as dependent variables as a function of element diameter in Figure 8 . Figure 8 data is discontinuous, due to being a discrete number of unit cells that it is decreased by integer values to meet scaffold length constraints when a constant pore size is maintained as unit cell length increases. Trends for Figure 8A topology types are similar to Figure 7A , such that topology types with hierarchical patterning and beam unit cells are generally more porous. Porosity also decreases as element diameter increases for all topology types. Figure 8B results demonstrate that all topology types have unique trends, and there is generally a variety of design alternatives for each topology type that with surface area values near the maximum achievable for the given topology type. The continuous beam, continuous truss, and hierarchical truss follow similar trends as Figure  7B , with surface area initially increasing and then decreasing as a function of element diameter. The hierarchical beam configuration, however, increases initially and then remains in a smaller range of values. The trend emerges because unit cell length increases with element diameter, which generally increases surface area, while the number of unit cells is decreased which generally decreases surface area, thus resulting in a wide range of designs with similar surface areas but different porosities.
To better control for secondary properties in experiments, where only a limited number of scaffolds may be compared, one scaffold of each topology type with a porosity of about 80% was selected from Figure 8 , and compared in Table 1 .
All Table 1 scaffold topology types have unique design inputs and surface areas when controlled for pore size and porosity. Configurations include scaffolds with a large number of unit cells and small element diameters, or a small number of unit cells and large element diameters when compared to one another, as demonstrated by the continuous truss and hierarchical beam, respectively. These results agree with Figure 8 such that truss unit cells and continuous organizations promote higher surface areas. The low surface area of the hierarchical beam is caused by its large void in the center of the scaffold and the absence of diagonal elements.
When selecting designs solely on maximizing surface area, the continuous truss topology with a surface area of 7,270mm 2 is the best design presented in Table 1 . However, there are design scenarios where too high of a surface area is problematic if it causes scaffold degradation to occur at a faster rate than load-bearing tissues grow to replace the scaffold [22] . Additionally, the continuous truss does not offer a large pore to promote vascularization, which could result in a significantly reduced amount of tissue growth. Design selection should therefore require materials and property considerations beyond the parametric analysis conducted, and motivates the need to further investigate design trade-offs through scientific experiments that link scaffold properties to mechanical load bearing and cellular growth performance.
FABRICATING DESIGN PROTOTYPES 6.1 Fabricated scaffolds for scientific testing
Once design alternatives are generated, it is possible to fabricate scaffold prototypes for use in scientific experiments. Table 1 candidate samples with controlled pore size and porosity properties are fabricated (Fig. 9A ) using the stereolithography printing process described in Section 4.3. Continuous beam and continuous truss scaffolds are printed with = 4 since they still maintain all relevant topological features for use in experimental testing while requiring less material and experimental resources due to their smaller overall dimensions. All printed structures demonstrate organizations reflecting their intended topology type, and capture the proportional pore size and element diameter differences present in the CAD models shown in Table 1 . The final fabrication step before experiments requires the fabrication of a scaffold with a biocompatible material. This may be accomplished by using the same sterolithography process and selecting a biocompatible based material that achieves a similar resolution when printed, such as a polylactic acid based resin [29] . Alternatively, the currently printed scaffolds may be used in an indirect fabrication process to mold the scaffold, and then recreate its form with an appropriate biocompatible material that maintains the features achieved from the 3D printing process [48, 49] . A benefit in the casting approach is the potential to fabricate scaffolds with complex forms enabled by 3D printing using biomaterials that are traditionally not suitable for 3D printing processes. However, further tests are required to empirically characterize an indirect fabrication process to ensure the desired form may be achieved. After fabrication with a biocompatible material, it is possible to conduct experiments to measure performance outcomes that are linked to scaffold properties, which is beyond the scope of this paper. 
Fabricated spinal implant scaffold
The parametric design study presented in Section 5 enables a designer to make a more informed decision concerning the trade-offs among the design parameters and structural properties evaluated, although there are a large number of criteria that are beyond the scope of this paper necessary to determine an optimized design. Due to the need to have both high porosity and surface area in a scaffold to promote cell growth and nutrient transport, respectively, Figure 8 scaffolds are re-evaluated based on their surface area to volume ratio as a function of element diameter (Fig. 10A) . The design selection reflects the scaffold with the greatest surface area for a given porosity per unit volume. Figure 10A shows that the continuous truss topology type reaches the greatest surface area to volume ratio, followed by the hierarchical truss. Scaffolds with truss unit cells tend to have greater surface area to volume ratios than scaffolds with beam unit cells, because the diagonal elements result in a greater surface area for a unit cell without requiring a volumetric increase in size. However, at higher element diameters the truss scaffold types have lower surface area to volume ratios due to a greater overlap in elements. The continuous topology types have greater surface area to volume ratios because they have the same outer dimensions as the hierarchical topologies, but do not have a large void in their center.
On the basis of current knowledge that truss-based structures are mechanically efficient for diverse load cases [57] , tend to have greater surface area for a given porosity than beam type designs, and that hierarchical structures are beneficial for biological growth [43] , the hierarchical truss design with the greatest surface area to volume ratio is selected from Figure 10A and fabricated as the potential best design. To demonstrate its feasibility as a complete product, a global structure was configured by organizing six 2 nd order unit cells in a rectangular configuration, which results in a prototype with dimensions suitable for spine implantation (Fig. 10B ).
DISCUSSION 7.1 Potential scientific experiments
The scaffolds fabricated in Figure 9 represent candidate samples for scientific experiments, which could lead to findings that inform future design iterations. Due to inconsistencies in the printed diameter of elements as suggested by the Figure 5 prototype, the difference between the fabricated Figure 9 scaffolds and Table 1 CAD models require quantification to determine how inconsistencies in the fabrication process may influence experimental measurements. Similar stereolithography processes have achieved a strong agreement between model and fabrication for designs with similar dimensions to those printed in Figure 9 [29] , which suggests it may be possible to alter designs or printing processes appropriately to reach a higher accuracy. It is particularly important to have strong print accuracy for tissue engineering experiments since cellular growth is a stochastic processes, so any inconsistencies in the printed structure will further conflate experimental uncertainties.
In Section 6.2, a best scaffold design was determined based on scientifically informed assumptions that a hierarchical truss scaffold's porosity and surface area properties are linked to its intended performance of bearing mechanical load and facilitating cellular growth. However, further scientific experiments are required to support these assumptions. Biological scaffold performance may be directly measured using microscopy techniques to quantify the number of cells throughout a scaffold's lifetime while mechanical scaffold testing can reveal the relative mechanical strength of each topology type. Outcomes from an initial set of experiments can inform computational models that simulate mechanics [29] or cellular growth [41] on the basis of a scaffold's structure. There is still a need for further experimental iterations once models are established, since the prediction of mechanical and biological outcomes for systems is complex, and requires extensive experimentation and validation.
Complexity of design space
Designed scaffolds are evaluated based on properties of pore size, porosity, and surface area, which are identified as key scaffold properties that influence scaffold performance, but there are a number of other properties that could influence scaffold performance. For instance, the size of the large void in hierarchical scaffolds and the interconnectivity among scaffold pores are not considered quantitatively, but could play a role in how cells are distributed and grow throughout a scaffold. Additionally, a number of design variables across scales are not considered as a means to simplify the complex design space, such as the cross-sectional shape of elements or non-cubic unit cells and scaffold properties including stiffness or permeability. It is possible there are interaction effects between design inputs, such as an element's diameter influencing a tissue's growth since cells are known to grow based on the geometry of their local surface [23] . Future scientific experiments are required to determine potential influences and couplings among design parameters that could potentially be facilitated with efficient design of experiment approaches [58] . There is also a large design space for alternative topologies that could be explored for trade-offs in how tissues grow and how the scaffold behaves under different loading conditions as well as the influence of pore size on tissue growth. In particular, it is expected that scaffolds with diagonal elements may have more desirable mechanical properties when subjected to shearing and bending loads in comparison to the beam-based scaffold types [57] .
Feasibility of design approach
The design approach proposed in Figure 1 provides the foundation for a design methodology for tissue engineering that could aid research and development processes for products prior to clinical trials. Due to the large scope of implementing and validating the complete Figure 1 methodology, the approach was only implemented until the conducting of scientific experiments that would inform a second iteration. Future work could focus on how experimental findings inform a second iteration of the approach, or consider empirical data in the literature to develop simulation models for evaluating scaffold performance. The implementation in this paper supports the feasibility of the approach for directing informed design searches, which is an improvement over trial-and-error approaches commonly utilized in tissue engineering endeavors [35] . The approach can be generalized to further tissue engineering applications, since scaffolds growing varied tissue types such as cartilage and heart tissue would require similar design steps [59] , but require tuning scaffold structures for different environmental conditions. The design approach is potentially useful over strictly biochemical approaches, since it enables tuning scaffold performance through structural changes to the scaffold rather than biochemical approaches that may require more specialized strategies for different tissues.
CONCLUSION
In this paper, the foundations of a design approach that draws from both mechanical and biological perspectives is presented and implemented for developing 3D printed hierarchical scaffolds for spine tissue engineering applications.
Its implementation marks an advancement in characterizing a complex design problem that is typically approached using trial-and-error designs.
The approach begins with the characterization of a design opportunity followed by three sequential phases for (1) defining experimental needs, (2) generating design alternatives, and (3) fabricating sample designs for experiments.
The first phase demonstrates key requirements in the design of scaffolds that require mechanical strength, small pores for cellular growth, and large pores for nutrient transport. In the second phase, designs are generated that reveal key trade-offs among scaffold properties. The third phase resulted in the fabrication of prototypes for use in future experiments that could reveal how scaffold properties relate to scaffold performance for bearing load and facilitating cellular growth. A design is chosen with a maximized surface area to volume ratio with a hierarchical structure fabricated as a to-scale spinal scaffold prototype.
The successful implementation of each phase demonstrates the design approach's potential for characterizing a complex design space, visualizing parametric trade-offs of properties, and promoting effective realization of product prototypes for testing. The methodology is particularly useful in the context of complex biomedical designs, where there is a great need for engineering approaches to aid the development of new clinical products.
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